Applying small interfering RNA (siRNA) to dendritic cell (DC) based therapy represents a potential candidate for cancer immunotherapy. However, delivering siRNA to DCs is a challenging issue for non-viral vectors. To date, only viral vectors have achieved efficient gene silencing in DCs. We report herein that a novel cationic lipid, YSK12-C4, when loaded in a nanoparticle with siRNA (YSK12-C4 multifunctional envelope type nano device [YSK12-MEND]), greatly facilitated gene silencing in mouse DCs. The use of the YSK12-MEND resulted in a gene silencing efficiency in excess of 90%, with a median effective dose (ED50) of 1.5 nM, whereas the maximum gene silencing efficiency of Lipofectamine RNAi MAX was less than 60% and the EC50 was 25 nM. Furthermore, a suppressor of cytokine signaling 1, an immune suppressive molecule in DCs, silenced in the mouse DC by the YSK12-MEND showed a drastic enhancement in cytokine production, resulting in the significant suppression of tumor growth when it was applied to DC-based therapy against a mouse lymphoma. These results clearly indicate that YSK12-MEND overcomes the obstacle associated with non-viral vectors and can be considered to be a promising non-viral vector for siRNA delivery to DCs, thus accelerating DC-based therapies with siRNA.
Introduction
PROVENGE®, an autologous cell-based immunotherapy using activated blood mononuclear cells including dendritic cells (DCs), was first approved in 2010 by the US FDA for use in the treatment of prostate cancer. In addition, several clinical trials of DC-based therapy are currently underway [1] . In this review, clinical trials that are currently registered at www.clinical trials.gov are overviewed. However, the DC-based therapy has received a great deal of criticism, and even skepticism, because of the insufficient therapeutic effect in terms of inducing objective clinical responses [2] . On the other hand, Anguille et al., in a systemic review, reported that, of all the published clinical trials to document the proportion of patients who showed objective responses and overall survival, DC-based therapy drastically improved survival, although the clinical benefit in terms of classic objective tumor response is small [1] . They also advocated implementation of alternative endpoints to assess the true clinical potency of DC-based therapy. In addition, another advantageous benefit of DC-based therapy is safety and its low toxicity is expected to keep the quality of life of cancer patients.
Therefore, DC-based therapy appears to be a well-tolerated immunotherapeutic method and will likely develop as one of the main stream therapies in the field of cancer immunotherapy in the future.
Although the criteria may be need to be altered in the case of cancer immunotherapy, the fact that the objective tumor response rates rarely exceeded 15% is clearly a problem [1] . To overcome this problem, the development of new types of DC-based therapies are underway: the use of DC products with an improved immunogenicity such as mature DCs producing IL12p70 and Langerhans cell-type DCs; the enhancement of DC-based therapy through combination with other drugs such as immune checkpoint inhibitors, adjuvants, cytokines and anti-cancer drugs [1] . In particular, the combination therapies are based on the strategies focused on enhancing the strength of immune responses, and breaking tumor-associated immunosuppression.
Both strategies are being actively pursued in the area of cancer immunotherapy.
However, the effects of mature DCs and Langerhans cells administered to cancer patients will decrease as the result of immunosuppression by tumors, even if they are improved the immunogenicity. Side-effects will be a concern in combination therapies with other drugs, resulting in the loss of safety of DC-based therapy. Therefore, it is necessary for DC itself to be equipped with a "sword" to improve its strength of immunity and a "shield" to prevent immunosuppression in a tumor microenvironment.
To achieve this, DC functions need to be strictly controlled. The use of RNA interference (RNAi) represents a potent technique for controlling DC functions. RNAi technology can selectively control the expression of target molecules, resulting in the strict control of DC functions. Gene silencing of negative-feedback factors in DCs, such as the suppressor of cytokine signaling 1 (SOCS1) and A20, would be expected to greatly stimulate cytokine production and antitumor activity [3, 4] . In addition to improving the strength of immunity mediated by DCs, gene silencing of the transforming growth factor β (TGF-β) receptor in DCs can result in the prevention of tumor-associated immunosuppression, because DC functions are also suppressed by TGF-β in a tumor microenvironment [5] . The inhibition of the indomeamine-2,3 dioxygenase (IDO) enzyme in DCs also represents a promising strategy for the prevention of tumor-associated immunosuppression [6] . Therefore, the control of DC functions mediated by RNAi technology would be a potentially potent strategy for next-generation DC-based therapy.
However, gene silencing in DCs is quite difficult to achieve with conventional methodology [7] . Hence, in the above studies, a lentivirus vector expressing short hairpin RNA was used [3, 4] . In the case of a clinical application, however, a non-viral approach can be more desirable than a viral vector, which have been reported to show serious side effects in clinical trials [8] . Some studies have demonstrated that DCs can be gene silenced using non-viral methods including commercially available transfection reagents such as Lipofectamine TM 2000 [9] [10] [11] [12] [13] [14] . The small interfering RNA (siRNA) doses used in these reported studies were 100 nM -4 μM in transfection to DCs, which was considerably higher than the dose used in transfection when other cell lines are used.
We also demonstrated gene silencing in DCs using multifunctional envelope-type nano device (MEND), a number of our original non-viral vector series [15, 16] . The MEND is a lipid-based nanoparticle and is designed for controlling intracellular trafficking in addition to tissue distribution by virtue of being modified with several functional molecules and varying lipid components [17, 18] . The siRNA-loaded MEND, namely R8/GALA-MENDSUV, was constructed by mixing an siRNA/stearylated octaarginine (siRNA/STR-R8) complex with small unilamellar vesicles (SUVs), and the lipid surfaces of preparation was modified with STR-R8 and the GALA peptide [15, 16] . The R8 peptide, a type of cell-penetrating peptide, increases the cell affinity of MEND and GALA peptide has a pH-sensitive fusogenic activity for enhancing endosomal escape [19, 20] . The R8/GALA-MENDSUV induced strong gene silencing in HeLa cells at a siRNA dose of 12 nM [15] . Gene silencing of SOCS1 or A20 in DC was observed at a siRNA dose of 80 nM, whereas the efficiency of gene silencing was only modest (40-70%) [15, 16] . On the other hand, a viral vector achieved more than 80% gene silencing [3, 4] . Based on these findings, it is clear that a breakthrough delivery system is needed for the efficient introduction of siRNA to DCs.
Here, we report on the development of YSK12-C4, a novel ionizable-cationic lipid, which breaks the barrier of siRNA delivery for DCs. The YSK12-C4 containing MEND loaded with siRNA (YSK12-MEND) has a high pKa (8.0). This high pKa can be an advantage for the efficient endosomal escape in DCs, because it has been reported that the acidification of endosomes containing antigens is a slow process [21, 22] . In addition, we expected that the cellular uptake of siRNA would be enhanced at a neutral pH. Strikingly, the median effective dose (ED50) for gene silencing by the YSK12-MEND was 1.5 nM, which was drastically lower than the doses of Lipofectamine TM RNAiMAX (RNAiMAX) (ED50 = 25 nM) and the R8/GALA-MENDSUV (ED50 = 70 nM). The YSK12-MEND also showed more than 80% gene silencing of SOCS1 at a siRNA dose of 3 nM. Moreover, immunization with SOCS1-silenced DC by the YSK12-MEND completely inhibited tumor growth in lymphoma bearing mice, compared with the resulted for RNAiMAX and R8/GALA-MENDSUV. These findings clearly indicate that the YSK12-MEND represents a promising delivery system of siRNA for DC-based therapy, and will serve as valuable tool for future immunological and biological research directed at DCs
Materials and Methods

Materials.
YSK12-C4 was synthesized following the procedures presented in Supporting Information Scheme S1. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and cholesterol were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Phosphatidic acid (PA) and ovalbumin (OVA) (grade VI) were obtained from SIGMA-Aldrich Co. (St.
Louis, MO). Cholesteryl GALA (Chol-GALA) and STR-R8 were synthesized by KURABO (Osaka, Japan). 1,2-dimyristoyl-sn-glycerol methoxyethyleneglycol 2000 ether (PEG-DMG) was purchased from NOF Corporation (Tokyo, Japan). RNAiMAX was also obtained from Life Technologies (Carlsbad, CA). Peptide SIINFEKL (major histocompatibility complex class I epitope of OVA) was synthesized by the Toray Research Center (Tokyo, Japan).
Cell line and animal.
E.G7-OVA cells, the murine lymphoma cell line EL4 expressing chicken OVA, were purchased from the American Type Culture Collection (Manassas, VA) and were cultured in RPMI 1640 medium containing 50 μM 2-mercaptoethanol, 10 mM HEPES, 1 mM sodium pyruvate, 100 units/mL penicillin-streptomycin and 10% fetal bovine serum (FBS).
Female C57BL/6J mice (6-8 weeks old) were purchased from CLEA Japan Inc.
(Tokyo, Japan) and maintained under specific pathogen-free conditions. The use of the mice was approved by the Pharmaceutical Science Animal Committee of Hokkaido University.
Preparation of YSK12-MEND and R8/GALA-MENDSUV.
YSK12-MEND was prepared by the t-BuOH dilution procedure [23] . The YSK12-MEND was composed of YSK12-C4, cholesterol and PEG-DMG (85/15/1 molar ratio). PEG-DMG was used for stabilization of lipid membrane during the formulation process and for preservation of aggregation. Lipids were dissolved in a 90% t-BuOH solution at a concentration of 0.5 mM. DiI was added at 1 mol% of the total lipid, when DiI-labled YSK12-MEND was prepared. The solution containing 600 nM siRNA was added to the lipid solution with vortexing and the mixture was quickly diluted with citrate buffer (pH 6.0) to a final concentration of <20% t-BuOH. The residual t-BuOH was replaced with PBS (pH 7.4), resulting in concentrating the YSK12-MEND. The pKa of the YSK12-MEND was 8.0, as measured by a TNS assay [23] .
The R8/GALA-MENDSUV was prepared as described previously [15, 16] .
Briefly, 0.55 mM SUVs composed of DOPE and PA (7:2 molar ratio) were mixed with siRNA/STR-R8 complex (2.46 nM siRNA) at a volume ratio of 2 : 1 (v/v). Finally, STR-R8 was added to the mixture at 10 mol% of total lipid. The diameter, polydispersity index (PDI), zeta-potential of R8/GALA-MENDSUV were 115 ± 6 nm, 0.165 ± 0.015 and 36.5 ± 1.5 mV, respectively.
The diameter of the MENDs was determined by dynamic light scattering, and zeta potentials were determined by laser-Doppler velocimetry with a ZETASIZER Nano (ZEN3600, Malvern Instruments Ltd., Malvern, WR, UK). The diameter and zeta potential of the MENDs were measured when 10 mM HEPES buffer (pH 7.4) was used.
The diameter, PDI and zeta-potential of the YSK12-MEND in 10 mM Tris-HCl buffer (pH 9.0) were 155 ± 4 nm, 0.064 ± 0.032 and 0.03 ± 0.74 mV, respectively.
RiboGreen assay.
The siRNA encapsulation efficiency of YSK12-MEND was determined by a RiboGreen assay [23] . The fluorescence of YSK12-MEND solution containing a 20 µg/mL dextran sulfate and RiboGreen (Life Technologies) was measured by EnSpire 2300 Multilabel Reader (PerkinElmer, Waltham, MA) (Ex: 500 nm, Em: 525 nm). The encapsulation efficiency of siRNA was calculated by comparing the siRNA concentration in the presence and absence of 0.1 w/v% Triton X-100.
Transmission electron microscopy (TEM) observation
The YSK12-MEND was absorbed to formvar-coated copper grids (400 mesh) and then stained with a 2% phospho tungstic acid solution (pH 7.0) for 15 sec. The stained sample was observed by TEM (JEM-1400Plus; JEOL Ltd., Tokyo, Japan) at an acceleration voltage of 80 kV. Digital images (2048×2048 pixels) were obtained with a CCD camera (VELETA; Olympus Soft Imaging Solutions GmbH, Munster, Germany).
Culture of mouse bone-marrow derived DCs (BMDCs)
BMDCs were prepared as reported previously [24] . Briefly, bone marrow cells were collected from mice and the non-adherent cells were cultured in in RPMI1640 medium containing 50 µM 2-mercaptoethanol, 10 mM HEPES, 1 mM sodium pyruvate, 100 U/mL penicillin-streptomycin, 10% FBS and 10 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) (R&D Systems, Basel, Switzerland) (culture medium). On days 2 and 4, non-adherent cells were washed out, and adherent cells were cultured in fresh culture medium. On day 6, non-adherent and loosely adherent cells were used as immature BMDCs. The analysis by flow cytometry showed that more than 85% of the cell population was CD11c positive.
Evaluation of gene silencing activity against scavenger receptor class B type 1 (SR-B1) gene in BMDCs
The evaluation of gene silencing of SR-B1 was performed as reported previously [16, 25] . Anti-SR-B1 siRNA (5'-GUCGCAUGGCUCAGAGAGUTT-3', 5'-ACUCUCUGAGCCAUGCGACTT-3') was synthesized by Hokkaido System Science Co., Ltd. (Sapporo, Japan). BMDCs (6.0×10 5 cells) were seeded to 12 well plate and each carrier was added to the cells at siRNA doses of 0.3-100 nM. The cells were then incubated for 2 h at 37°C in 0.5 mL of serum-free OPTI-MEM I containing 10 ng/mL GM-CSF. After a 2 h incubation period, 0.5 mL of culture medium containing GM-CSF was added to the cells, followed by a further incubation for 24 h.
After the incubation, BMDCs were collected and used for mRNA isolation by RNeasy Mini Kit (QIAGEN, Hilden, Germany) according the manufacturer's instructions.
Briefly, the DNA contamination in the total RNA was eliminated by the DNase I treatment. The total RNA was then reverse-transcribed using a PrimeScript reverse transcription (RT) reagent Kit (Takara Bio Inc., Shiga, Japan) with oligo-dT primer.
Quantitative polymerase chain reaction (PCR) was performed with a Mx3000P QPCR System (Agilent Technologies, Santa Clara, CA) in 25 µL aliquots of reaction mixures containing cDNA, appropriate pairs of primers and SYBR Green Realtime PCR Master Mix (TOYOBO Co., Osaka, Japan). SR-B1 level was calculated by the comparative CT method using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as endogenous housekeeping genes. The following primer pairs were used: GAPDH:
Analysis of cytotoxicity
The analysis of cytotoxicity was performed by CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI). BMDCs (1.0×10 5 cells)
were treated with each carrier at siRNA concentrations of 10, 30 and 100 nM in 0.1 mL of serum-free OPTI-MEM I in 96 well plate. CellTiter 96 Aqueous One Solution Reagent (20 µL) was then added to each well. After the 2h incubation, the absorbance at 450 nm was measured and used to calculate cell viability (the absorbance of non-treatment was set to 100%).
Evaluation of cellular uptake.
BMDCs ( 
Hemolysis assay.
Hemolysis assays were performed as reported previously [23] . Mouse red blood cells (RBCs) suspended with PBS were mixed with each quantity of siRNA carriers at final siRNA concentrations of 0, 60, 120, 240 nM. After the mixtures were incubated at 37°C for 30 min, the absorbance at 545 nm of the supernatant was measured. The samples in the presence of 0.5 w/v% Triton X-100 were used as a positive control. The percentage of hemolysis activity was represented as the percentage of the absorbance of the positive control. 
Evaluation of gene silencing activity against SOCS1 gene in BMDCs
The evaluation of SOCS1 gene silencing was performed as reported previously [15] .
Anti-SOCS1 siRNA (5'-GAGAACCUGGCGCGCAUCCCUCUUA-3',
Technologies.
Anti-human PLK1 siRNA as a control siRNA (5'-AGAuCACCCuCCUUAAAuAUU-3', 5'-UAUUUAAGGAGGGUGAuCUUU-3', 2'-OMe-modified nucleotides are in lowercase.) was synthesized by Hokkaido System Science Co., Ltd. BMDCs (6.0×10 5 cells) were incubated with each carrier at siRNA concentrations of 3, 10 and 30 nM for 2 h at 37°C in 0.5 mL of serum-free OPTI-MEM I containing 10 ng/mL GM-CSF in 12 well plate. After the 2 h incubation, 0.5 mL of culture medium was added to the cells, followed by a further incubation for 2 h. IFN-γ was then added to the cells at a concentration of 50 ng/mL, followed by further incubation for 24 h. After the incubation, the cells and the supernatant were collected and used for the evaluation of gene knockdown and the quantification of cytokine production, respectively. The evaluation of gene knockdown was conducted as well as previously described method. SOCS1 level was calculated by the comparative CT method using GAPDH as endogenous housekeeping genes. The SOCS1 primer pairs were used: 5'-ACCTTCTTGGTGCGCGAC-3' (forward); 5'-AAGCCATCTTCACGCTGAGC-3' (reverse). The concentration of tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) in the supernatant was measured by Quantikine ELISA kit (R&D Systems). The measurement was carried out following the manufacturer's instructions.
Evaluation of antitumor effect mediated by SOCS1-silenced BMDCs.
The SOCS1-silenced BMDCs were prepared as follows. BMDCs (6. 
Statistical Analysis.
Statistical analysis of multiple comparisons were performed by one-way or two-way ANOVA, followed by the Tukey-Kramer test or Dunnett test (Fig. 4b, c) . A P value of <0.05 was considered to be a significant difference.
Results and Discussion
Synthesis of YSK12-C4 and preparation of YSK12-MEND
To enhance in vitro siRNA transduction, YSK12-C4 was designed so as to have a cationic property and unsaturated carbon chains, based on YSK05 (Fig. 1a) . The yield of YSK12-C4 was 64% (Scheme S1, Supporting information). YSK05 (Fig. S1 ), a pH-sensitive cationic lipid, enhances the ability of the MEND to escape from endosomes and showed efficient gene silencing in liver in vivo [23] . YSK05 contains one tertiary amine conferring pH-sensitive properties of MEND (pKa 6.6), and two double bonds per acyl chain for emphasizing fusion with the endosomal membrane.
Although the pKa of YSK05-MEND is useful for conferring stability in the blood circulation, it can be a disadvantage for in vitro siRNA delivery. Moreover, the pH of endocytic vesicles in DCs appears to be retained in a neutral or mildly acidic environment and the acidification appears to be slow, when DCs internalize antigens [21, 22] . Therefore, we designed the YSK12-C4, with different properties from YSK05.
To overcome the above problems, it was necessary to create a MEND that is positively charged under extracellular conditions and in endocytic vesicles of DCs. This was accomplished by increasing pKa of an alkyl chain that was introduced in the particle, in place of the cyclic ketal. The replacement also would decrease the sterical demand imposed on the head group of the lipid, resulting in an enhancement in the fusogenic capability of the MEND.
The YSK12-MEND was prepared by the t-BuOH dilution method. The t-BuOH dilution method prepares small and uniform particles and efficiently encapsulates siRNA [23] . The YSK12-MEND is composed of YSK12-C4, cholesterol and PEG-DMG (85:15:1, molar ratio) (Fig. 1b) . The values for the diameter, PDI and zeta-potential of the YSK12-MEND at physiological pH (pH 7.4) were 180 ± 6 nm, 0.072 ± 0.024 and 5.8 ± 0.6 mV, respectively. The YSK12-MEND had a weak positive charge. The siRNA encapsulation ratio of the YSK12-MEND was 94.2 ± 0.8%. In a TEM observation, sub-200 nm sized nanoparticles were observed and the population appeared to be highly uniform (Fig. 1c) . The particles appeared to be a structure in which the inside was filled with lipid. This result is consistent with a previous report using siRNA-loaded lipid nanoparticles [26] . 
Evaluation of YSK12-MEND for siRNA transduction into BMDCs
The gene silencing activity of the YSK12-MEND in BMDCs was compared with RNAiMAX and R8/GALA-MENDSUV. RNAiMAX is one of the most powerful reagents for in vitro siRNA transduction, and is commercially available. The SR-B1 gene was used as a siRNA target gene, since it is expressed in BMDCs as an endogenous gene. The YSK12-MEND showed dose dependent gene silencing activity and the ED50 for the gene silencing activity was 1.5 nM siRNA (Fig. 1d ). In addition, the YSK12-MEND yielded a high transfection efficiency with a >90% knockdown at 30 nM siRNA. On the other hand, the ED50 of RNAiMAX and R8/GALA-MENDSUV were 25 nM siRNA and 70 nM siRNA, respectively (Fig. 1d ). The ED50 of YSK12-MEND was one order magnitude lower than the values for RNAiMAX and R8/GALA-MENDSUV. Even at an siRNA concentration of 100 nM, the transfection efficiencies of RNAiMAX and R8/GALA-MENDSUV were 57% and 57%, respectively.
In lipid nanoparticles containing an ionizable cationic lipid, DLin-KC2-DMA, (KC2-LNP), a siRNA dose of more than 125 nM was needed for efficient gene silencing, although KC2-LNP is one of the most powerful siRNA delivery systems [14, 27] . The KC2-LNP and YSK05-MEND showed efficient gene silencing in the liver in vivo.
These facts indicate that the strategy for the KC2-LNP and YSK05-MEND, namely the enhancement of endosomal escape by a pH-sensitive lipid, can be insufficient for efficient gene silencing in DCs. This finding suggests that the YSK12-MEND is superior to commercial reagents or reported delivery systems that are currently used for gene silencing in DCs. In addition to the evaluation of knockdown efficiency, we also As a result, the YSK12-MEND showed no cytotoxicity as well as RNAiMAX and R8/GALA-MENDSUV in the range of < 100 nM (Fig. 1e ). This result confirms the absence of cytotoxicity of the YSK12-MEND at the dose range required to achieve sufficient gene silencing. The low level of toxicity of YSK12-MEND is quite favorable for DC-based therapy, and also biological research.
Quantitative analysis of cellular uptake of YSK12-MEND in BMDCs
We next evaluated siRNA trafficking in BMDCs by the YSK12-MEND, RNAiMAX and R8/GALA-MENDSUV. In general, the siRNA-mediated silencing was improved, probably due to either an increased siRNA uptake into cells or the effectiveness of endosomal escape into the cytoplasm. To evaluate the cellular uptake of the carriers, we used DiI, a fluorescent compound that intercalates into lipid membranes, and, based on this, we calculated amount of siRNA taken up using the formula described in the methods part. Before comparing the cellular uptake among the carriers, the amount of siRNA delivered by the YSK12-MEND was examined at 0.5, 1, 2, 4 and 6 h after the treatment. As a result, the amount of siRNA taken up was essentially the same at all time points (Fig. S2, Supporting Information) . In addition, there was a concern that fluorescent attenuation with time could result in an inaccurate evaluation.
Thus, the cellular uptake of carriers was evaluated at 30 min post-transfection. As a result, there was no significant difference in cellular uptake among the carriers at siRNA doses of 10, 25 and 50 nM, although the amount of siRNA taken up in the YSK12-MEND-treated BMDC was significantly lower than the values for the R8/GALA-MENDSUV at a siRNA dose of 100 nM (Fig. 2) . The difference in uptake efficiency appears to be due to the difference in the zeta-potential of carrier. The zeta-potential of the YSK12-MEND was 5.8 mV, whereas the zeta-potentials for R8/GALA-MENDSUV were high (36.5 mV). RNAiMAX may also be high. The weak positive charge of the YSK12-MEND appeared to have only a minor effect on the cellular uptake process in BMDCs. Consequently, this fact indicates that the amount of siRNA taken up by BMDCs may not be responsible for high silencing activity of the YSK12-MEND. 
High potency of endosome disruption by YSK12-MEND
We next focused on the endosomal escape step in the process. The fusogenisity of nanoparticles is important for enhancing endosomal escape [17] . We previously showed that a MEND containing YSK05 results in an enhanced endosomal escape via membrane disruption [23] . The potency of the YSK12-MEND to induce membrane disruption was first evaluated by means of a hemolysis assay at pH5.5, 6.5 and 7.4. In the hemolysis assay, we investigated the function of YSK12-MEND, including membrane disruption activity, against lipid membranes in vitro (in a test tube). To examine the siRNA dose needed to show a maximum effect by the YSK12-MEND, a high dose range of siRNA (0-240 nM) was used. As shown in Fig. 3a , the YSK12-MEND and the R8/GALA-MENDSUV both induced membrane disruption depending on the dose of siRNA, while membrane disruption was independent of pH.
The potency of membrane disruption of YSK12-MEND appears to be higher than that of the R8/GALA-MENDSUV. YSK12-MEND showed a maximum effect (100% hemolytic activity) at a siRNA dose of 240 nM. On the other hand, RNAiMAX showed only minor hemolytic activity. This suggests that the YSK12-MEND induced efficient membrane disruption against lipid membranes. Meanwhile, the strong hemolytic activity of the YSK12-MEND appears to influence cytotoxicity. As shown in Fig. 1e , it is likely that some cells were damaged by the YSK12-MEND at a siRNA dose of 100 nM, although the decrease in cell viability was not significant. Although it is difficult to discuss the influence based on the dose of siRNA used because the experimental conditions and sensitivity of the hemolytic assay are different from those for the cytotoxic assay, the cytotoxicity appears to be due to the strong membrane disruption Cathepsin B is a cysteine endoproteinase and is normally localized in endosomes [28] .
When endosomes are disrupted, cathepsin B will leak into the cytosol. Thus, the presence of cathepsin B in the cytosol is an indicator of the extent of disruption of endosomes [29, 30] . To examine the amount of cathepsin B released from endosomes to the cytosol, the plasma membrane was made permeable by a digitonin treatment. The plasma membrane to be partially damaged and increases its permeability [31, 32] . We optimized the concentration of digitonin to induce membrane penetration in only the plasma membrane, but not endosomal membranes (Fig. 3b) . At 2 h post-treatment with each siRNA carrier, the cells were treated with digitonin and the cathepsin B activity in the supernatant was measured (Fig. 3b) . As a result, a high cathepsin B activity was observed in the cells that had been treated with the YSK12-MEND compared with the cells treated with RNAiMAX or R8/GALA-MENDSUV (Fig. 3c) . hemolytic activity (Fig. 3a) . This contradiction might be due to the difference in the cells used in the experiment. The results shown in Fig. 3c appear to reflect the environment of siRNA transfection, compared with that of Fig. 3a . 
Enhancement of immune response in SOCS1-silenced BMDCs by YSK12-MEND
We next investigated the potential of the YSK12-MEND for the control of DC functions and DC-based therapy mediated by RNAi. SOCS1 negatively regulates the cytokine responses in immune cells and the expression is induced by cytokine stimuli.
Blocking Janus kinase (JAK)-signal transducers, and activators of transcription (STAT) signaling pathways is responsible for the negative-feedback of immune responses by SOCS, leading to the immunosuppression of DCs [33] . Thus, the knockdown of the SOCS1 gene by siRNA enhances the immune functions of DCs [3] . We first evaluated the gene silencing efficiency of SOCS1 by the YSK12-MEND in BMDCs. The YSK12-MEND showed significant knockdown of the SOCS1 gene compared with RNAiMAX and R8/GALA-MENDSUV at siRNA doses of 3, 10 and 30 nM ( Fig. 4a ). Of note, the silencing efficiency of YSK12-MEND was more than 80% at a siRNA dose of 3 nM. This silencing efficiency appear to be similar to that of the lentivirus vector [3] .
On the other hand, in this range of siRNA doses, both the RNAiMAX and R8/GALA-MENDSUV failed to induce a 50% higher gene silencing efficiency. This result clearly indicates that the YSK12-MEND induces a drastic silencing efficiency of immunosuppressive genes in BMDCs, compared with other non-viral vectors.
To further evaluate the enhancement in DC functions by the knockdown of the SOCS1 gene, the productions of TNF-α and IL-6 induced by IFN-γ stimulation were examined in SOCS1-silenced BMDCs. No enhancement of TNF-α and IL-6 production was observed in cells treated with RNAiMAX and R8/GALA-MENDSUV compared with vehicle ( Fig. 4b, c ). On the other hand, the SOCS1-silenced BMDCs by the YSK12-MEND significantly enhanced TNF-α (30 nM siRNA) and IL-6 (10 and 30 nM siRNA) production (Fig. 4b, c) . These findings suggest that the siRNA delivery mediated by YSK12-MEND efficiently cancels the immunosuppression and enhances the immune responses in BMDCs.
Although the silencing efficiencies of the YSK12-MEND as a function of the siRNA dose were not significant different, a significant enhancement of cytokine production was observed only at siRNA doses of 10 nM (IL-6) and 30 nM (TNF-α and IL-6). The possible reason for this inconsistency appears to be due to differences in the dose response curve between gene silencing efficiency and cytokine concentration.
Given that SOCS1 shows a very efficient suppressive effect for IFN-γ signaling even at low levels of SOCS1 expression [34] , the dose response curve for cytokine concentration is possibly present at the right side of the dose response curve for gene silencing efficiency. Thus, a difference in cytokine production was observed between 3 nM siRNA and 30 nM siRNA. 
Cancer immunotherapy using SOCS1-silenced BMDCs by YSK12-MEND
The SOCS1-silenced BMDCs by YSK12-MEND is expected to facilitate the effect of DC-based therapy. Thus, we finally examined the potential of the SOCS1-silenced BMDCs by the YSK12-MEND for use in cancer immunotherapy. To examine a preventative antitumor effect, mice were immunized with SOCS1-silenced BMDCs, control siRNA treated BMDCs and PBS and then inoculated with E.G7-OVA cells. As a result, the mice groups immunized with SOCS1-silenced BMDC by the RNAiMAX or R8/GALA-MENDSUV showed a significant inhibition of tumor growth compared with each of the control groups, whereas the establishment of tumors was observed in the both groups ( Fig. 5a ). Of note, the treatment of SOCS1-silenced BMDC by the YSK12-MEND completely inhibited tumor engraftment, although the establishment of tumors was observed in the mice group that had been immunized with the BMDC treated with control siRNA-loaded YSK12-MEND (Fig. 5a ). This result indicates that the immunization of SOCS1-silenced BMDC by the YSK12-MEND efficiently induces antigen-specific antitumor immunity only by one immunization. In a previous report, the immunization of SOCS1-silenced BMDC by R8/GALA-MENDSUV failed to completely inhibit tumor growth, even when the BMDC was transfected with R8/GALA-MENDSUV at a siRNA dose of 80 nM [15] . Thus, these facts clearly indicate that the capability of the YSK12-MEND is markedly superior in comparison with R8/GALA-MENDSUV.
Subsequently, we investigated the therapeutic antitumor effect of SOCS1-silenced BMDC by the YSK12-MEND. It should be noted that a therapeutic antitumor effect was not observed in our previous trial, when the SOCS1-silenced BMDC involved the use of the R8/GALA-MENDSUV at a siRNA dose of 80 nM was injected to mice (unpublished data). Thus, in the case of therapeutic experiment, the YSK12-MEND was compared with RNAiMAX. Mice were inoculated with E.G7-OVA cells. On days 4, 7 and 15, the mice were immunized with SOCS1-silenced BMDCs, control siRNA treated BMDCs and PBS. As a result, the mice group that had been immunized with SOCS1-silenced BMDC by YSK12-MEND showed a significant inhibition of tumor growth compared with the control groups, whereas the mice group immunized with SOCS1-silenced BMDC by RNAiMAX did not (Fig. 5b ). This result also reflects the high capability of the YSK12-MEND compared with other non-viral vectors.
These antitumor effects can be attributed to the enhancement of immune functions of BMDC caused by high SOCS1 silencing by the YSK12-MEND. Therefore, these results clearly show that YSK12-MEND is a promising siRNA carrier that can enhance DC-based therapy. 
Conclusions
The results of the present study show that a MEND containing the new cationic lipid YSK12-C4, YSK12-MEND, is a highly potent non-viral vector for the delivery of siRNA to DCs and enhances the effect of DC-based cancer immunotherapy by controlling the expression of immunosuppressive genes. The capability of YSK12-MEND was drastically superior to commercial reagents and reported non-viral vectors. Therefore, YSK12-MEND would be a breakthrough technology for siRNA delivery to DCs and be a useful non-viral vector for DC-based therapy and biological research. 
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